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A GENERALSYSTEMIWRCALCULATINGBURNING

ANDcmEKRIsQNOFCmcuLmm

BORON,MAGNESIUM,AND

RATESOFPARTICLES

RATESFORCARBcm,

ISOOCECANE

ByKennethP.(X&finandRichardS.Brokaw

slJMWRY

Am ImPS

A systemwithgeneraleqwtionshasbeendetisedforccmputingthe
burningratesofsmallparticlesburningasdiffusionflames;theequa-
tkmsaccountfortheeffectsofdiffusimnanddissociationwitha high
degreeofrigor.Twotypesofsolutionsarecarriedout: (1)a nwneri-
calIntegrationofconsiderablecanpltity,and(2)a scmewhatless

z
cmrplicatedandlessrigorousanalyticalsolutlminvolvingstepwlse

o iteraticmacrossthetemperatureprofile.Thedirectresultsc&the
calculathnarepartialpressuresasa functionoftemperature.Simple
additionalcalculationsproducetheburningrateandtheflame
structure.

●

Bothsolutionswereobtainedforcarbonburninginair;thedtffer-
* encesareslight.Forboron,becauseofthegreaternumberofequilibria

involved,mly theanalyticalsolutionwasundertaken;a specialtreat-
mentfora solldreactionproduct,boricoxide(B203),wasrequired.A
numberofambienttemperaturesendambknt~gen concentrationswere
~ inthecaseofbcmon;asanexample,threegraphsrapidlyyield
burmingratesfm a widerangeofambientcmditims.

me generalequationspresentedherereducetothemuchsimpler
equationsusedbypreviousinvestigators.Thesimplifiedequationswere
alsoappliedtoboron,andyieldedresultsingeneralagreementwiththe
moredetailedanalyticalsolutions. krlierresultsfranthesimplified
equationsforisooctaneandmagnesiumareincludedforcomparison.The
simp~iedeqpatlonsappeartobe sufficientlyaccurateformanypurposes.

. .

Fora seriesofsubstancescoveringa tiderange~* volatlllty,
relativeheat-releaseratesareintheorderg
carbon~boron.

I@ro=bon > =~eslum >



2

Inthelastfewyears,a numberc&&rt@es him ~appearedwhich ‘“ -
treatthecanbustionofsinglefuelprt~clesh quiescentair. The
treatmentsofthesediffusionflamesv@ ingenerddtyandinspecific
approach(refs.1 to6). ‘I!heyinvolvep~kal andmathematicalappro.xl- -.~
mationswhicharequalitativelyacceptab$,butwhichmayintroducesig-
nificantquantitativeerrors.

!5
!t!hegeneralsuccessofthestagnant~fifitreatmentfortheccnubus- 3

tim ofsingleliquiddropshastendedtdsti~ortthevalidityofthe
assun@ionsinvolved.Zhemcdelassumes~a$teady-state~usicm flame
surroundsthefueldrop.Oxygendiffusedinward,fuelvaporizesand”
diffusesoutward,aadtheymeetandreactina flemefrontsymmetrically
surroundingthedrop;sufficientheatiskm-ductedinwardfra thereac-
tionzcmetovapofizethefiel=a heat*8 yaportoreactiontempera-
ture,whiletheremainingheatisconduct$djidmardand,inpart,isused
topreheattheinboundoxygen.Thereact@ productsdiffuseoutmu’d.

Theassumptionofa diffusionflamekeckiismwiththeover-all
processcontrolledbythephysicalproces~es%fheatconductionandtif-
fusioncarriestheimplicitamnmrpticmth$tthechemicalprocesseswithin
theflamefrontexefast.Suchassumptions&e inccdrasttothosemade
inconsideringignitiondex, inwhichcxmicalp?ocessesarepresumedto
control. b thecaseofflamespeed,as

r
~.asinquenck@@istm2ce - i

anddead-s~cephenomena$bothchemicalId physicalprocessesarepre-
sumedtobeInvolved.b thesteady-sta

7
l&ningofa liquidmonopro- ●

pellantdrop,a diffusionflameisnotprsen~,ad bothphysicaland -
chemicalprocessesccdributeb theuv&rkllrate.

4& thebasisofthediffusion-flenest&ant-film)model,burning
213teSin reasonable~ent withexpe “:-“enthavebeencalculatedby
mny workers,althcnighcertaindifficulties=* inthecased calcu-
latedflamestructures.Themaindifflc~ty~sthatcomputedflamediem- ‘ ““
etersaresignificantlygreater~ thoge”observed_imentally; how-
ever,appropriatecbrrectitiinvolvlngthe”~rimentalboundarycondi-
tionsrestiLtinonlyrelativelysmalJcha&e8”intheburningrate.

. -
!Ihegeneralobjectiveofthisinvestil~~i”mwasa morecarefulsolu-

tionoftheburning-rateprobleminaneff$xrt~_todeterminetheldmlta-
tia?lsofthesimplertreatments.MoreSpeCif&~, thiSillVeSti@tiOn
wasconcernedwiththecalculationofthe~~ativeburningratesfor
severalsoUdcombustiblesrepresentinga @de”rangeofvol.atlllties.

Itseemedappraprlatetomakeefforts~to:extendthecalculations &
madEonliquidfuelsandmbon (refs.1 aqd5)tosystemsofsolidcom-
bustibleswkdchdoriotinvolveconventiaua+fuels.ZhecombustionaP
ma8PesiUmhadbeentreatedqperimentaJJy@nda tentativea~h to *“



i thetheoreticaltreatmentgiven(r<.6). Magnesiumis a ccmlbustible
metalofrelativelylowvoktility(b.p.,1393°K]andassuchrepresents
a transitiontotheless-voktilewtals. Forthepresenttrealment,
boron(b.p.,2550°K)wasselectedasa typicalhigh-boillng-pointcom-
bustible.

Inthis repwt,~ressionsfordiffusionandheatconduction,as
theyapplytoburning~cles, aredevelapdintoa system.ofgen-

:E=::%”=?$’=.?z rz=zt==%z~e:s
toboronandcarbon,andtheyarereducedtothesimplerequationsused
inthetreatmentofhydrocarbonsandmagnesium.Thesimplifiedequatians
arealsoappliedtoboron.

Thegeneralequations=e developedinthenextsectia.~ the
sectionfollowingthatdevelopment,carbonIsconsideredaaa &tiled
specificexam@eCXFtheuseaPthegeneralequations.C&bonistreated
intwoways,Intams afanexactnumericalintegraticmandintermsof
a simpleranalyticalsolutioninvolv5ngcertainaveragevaluesandlimlt-
ingformsofthediffusicmequatlcms.

Theborcmsysteminvolvesa morecchuplexseriesofequilibriathan
thatofthecarbonsystem;therefore,@ theanalyticalsolutionwas

.& undertaken.TheseresultsforboronareInturncomparedwiththoseob-

3
tainedforboronbytheslqlereqpationsoftheformusedforisooctane
(refs.1 and5)andmagnesium(ref.6). Thedetailstitheboroncase

g
areina~B. Thegenera1 eqwtlonearereducedtothesimpler
equationsforIsooctaneandmagnesiuminappend3xC. Theburningrates
and~icle llfetlmesofcmbon,magnesium,boron,andisooctanearecom-
-=

GENERALEQUATUNS

Thedevelopmentinthissectiondealswiththea~licationofthe
equationsfortheconservdxbmofmass,thecansennationofenergy,ddf-
fusion,heatconduction,andchemkale uilibrlmntothedlffust~flame

?surroundinga burningparticlecmdropfig.1). Inpart,Ltisanex-
tendonoftheearlyworkofSpaldlng(ref.1). ~ tms sectionthe
eqpationsarepresentedingenemlterms;inthefoXhmingsectlcm,the
~ d mbon Istreatedasa specificexempleofthesegeneraex-
pressions.Equationsaredesignatedso-t rmmibersInthissection,the
nexbsection,andappendixesB andC applytocorresp~ equations.

A Thegaeralphysicalmodelis indicated infigure1. Thetiffusion
flamesymmetricallysurrourd2ngthefuelparticlemaybedividedInto

- arbitraryzmesfordescriptivepuzpsesandapprmcbnatecalculations;
theboundariesofthezmesareindicatedbyconcentriccircles.
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Convectlmisassumedtobeabsent.The~ctiralcrosshatchedportion
representsthefuel● C representsthebo&d@ withthemibiantatmos-
phere.B (fig.l(a~) ortheregicmBB’(!fig-;l(b))representstheflame
front,oftiinltasimalorfinitewidth,$e~ectivel.yjonlydiffusion
occursin the finite flamefraat.Chemi+li%actionratesareassumed
tobefastrelativetoheatandmasstransfer.IntheregionAB,stifi-
cientheatisconductedinwardtovaporl~tiefuelandraiseittothe
flamet~erature;fuelisvaporizedat@e ‘*1 surfaceA and&M?fuses
totheflamefrent.IntheregionsBCor:B‘C,outsidetheflamefrent,
theheatofcombustionisdissipatedoutw@rd”byconduction,thereaction
productsdiffuseout,andoxygendlffusesiin,withauexchangeofen-
thalpybetweenthem.Alltheseprccesses~occurina stagnantfilm.The
aribientatmosphereisa sourceofwrygen~d~a sinkforheatandcombus-
tionpoducts● ,.,.

Oneofthemajoradvantagesoftheegpationspresentedinthissec-
tionisthattheartificialzonesdescribbd~~~earee~~ted. ~S.
inturnelhlnatasthearbitraryassldt of$lame-%rontboundarycon-
ditions● CMcourse,otherassumptionsarbintroduced,forexample,the
existencecdequilibriumthroughoutthesystem.Further,a morerigaous
treatmentofdiffusicmcanbeen@oyed,althti difficultiesexistwith
theextrapolationofdiffusionccmstants&d thermalconductivittesto
hightemperatures. \–,—

Theequaticmsrequiredmsybedevel

T

~inthefollowingmanner.-
(Carbon,asa specific_le ofthegenralequations@ treatedInthe
nextsectton;boronistreatedIndetailn appendixB.~ X,Y,Z,. . .
arethe s atcau.speciespresentinthes~stem;fuelor~idantorboth
maycontainseveralspecies.Forexaqplejforcarbonburninginair,
carbon,oxygen,andnitrogenme s= 3 ah species.xqY~L~ . . ,

isthe ith i.speciesofthe v molecular,speciespresent(ki,21,~, . .
=0/lJ2,3, c. .). Forexample,in~ carbonandaircase,ifthe
ith speciesisthecarbondioxidemolecule,C102~representsC02with
%02 “ lJ %02= 2>.“and%2 = o. (Symb~ls‘dreMined inappendixA.)

#

?

. .

—w
.-

W

.

Fortheconsematicmofmaas, there is a continuityequationfor
,.

eachofthe-s atomspecies;internsof%he-totalmass-tranqferrate -

‘i - ‘X%yzi%

, Inmolespersecond,for~eachofthqmolecularspecies_.,

acrossanysymetrlcal.stiacearoundthe&rticle,theseequations&e



5

4

Wz=z
id

whereWf isthebu.rnlnnmte at’
efficientof Wf appropriatefcm
canpositionofthefuelnmlecule

(1)

thefuel inmoles per second. Theco-
eachequationisdetermhedbytl+e

f = ‘keyIf%*

Forsystemswithgaseouscombustionproducts,thereisa netout-
wardflowoffuel Wf,becausethedropisa fuelsource;further,the
netflowofcnddantandillluentgasfromtheambientatmosphereiszero,
becausethereisnosinkinthesystem.Thepresenceofscmeatcm
speciesbothintheatmosphereandinthefuel(e.g.,oxygen,whenal-
coholburnsh air)isprovidedfa intheequations.Shoulda contma-
tlonproductstickonthesurfaceordissolveinthefuel,a sI* would
then-St; tbecoefficientof Wf fortheatm speciesinvolvedInsuch
a productwouldbenegativeenddetermined?TYthestoichimetry.*

Thediffusionequationsfortheprobleminvolvecertainapprmdm-
tionswhichareheatedin~ D. !Ihistredmentintroducesapprox-
-tlons whicharelessseverethanthosemde intheprevioustreatment
ofsuchproblems.Thediffusionequatlmfortheithmolecularspecies
iSgivenby

Di
-Gi.~

(eq.(~) tnappendixD]. Forthecaseof
pi+ O. Thenasinequation(D7)

Didpi Wi
+=~~=-a

J+N2 -d i+N2 (-)

largefractionsd inertgas,

1+1’T2 (2b)
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Similarequationsare
entire~cess occurs
inert-S iS&tV~by

t

obtainedfor v - 1:mblecularspecies.Ifthe b
atconstantpressurls,thepartialpressureofthe . ..

mz=P- $~ ~:pi

.,

(3)

If noinertgasis

termsofequations(D4)

present,theequa~i&s(2a)mustberevisedin
Pi 8

includingtheted
~~.4

~ GV withsae convenient m

reactingspeciesdesignatedasthe vfi species.Ifmorethanoneinert
gasispresent,equations(2a)presentno!diffiCUltyjhowever,whenthe
continuityeqmtianWine~= O isused,‘equaticms(2b)indicatethat
the~tial pressureofsuchaninertgas~is‘&nstantandequaltothe
partialpressureintheboundaryconditloa.

Inaddition,thereareequilibriume@ationsfor v - s molecular ..
smies (i.e.,nmiberofmolecularspecie~tigusnmiberof~tamspecies).
The v - s eqti_librlumequationsarewritten_intermsof s molecul.a~
spacieswheres equalss minusthen+eq ofinertspedes. The s
independentmolecularspecies=e usuallyelectedforconvenienceasthose

!ntinertspecieshavi~thehighestpaz%iapiessures(however,theymust
representalJnaninertatomspecies). A ~qyed chemicalEquationfor
the fth dependentspeciesinte- ofe~ ~gth)ofthe s independent

~

speciescanbewritten -J,-
*

: ..

wherethe ~ rsarethestoichlmetricc~fictents.Then .

(5) _ ““

where

The K’s arethe
culefrczn*seous

r -— ..

z:
logk@og%+~lrigl~% (6]

equilibriumconstantsfor}thk-fo~tim ofthemole-
atcnus(ref.7).
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+ Theamountofheattransfemedbyconductionisgivenintermsof
theflowsandenthalpiesofthemolecularspeciesby

Hfo is the enthalpyofthefuelatitsinitialconditionsandisa
specialcaseof ~, theenthalpyofthe ith species
% is(~)i ofreference7andincludesthechemical

Andsoforunknowns,thereare v + 1 flows(Wl,

(7)

attemperature
enthal~.

Wz,m.. wi,.
w~,Wf)and v pressures(P~Jpzj6 ● ● ~) ● ● .X$). Thereexe,
therefore,2V+ 1 unknownsinthesystemofequations.Thereare s
continuityequations(eqs.(1)),v - 1 cliffusionequations(eqs.

t
2))-,

a total-pressureequation(eq.(3)),v - s equilibriumequationseqs.
(5)),andanenergyequation(eq.(7))fora totalof 2v+ 1 equations.
Atleastinprinciple,thesystemofequationsmaybe solvedforallthe
pi and Wi atanyspecifiedtemperature. —

Tj

8*

Theelimlnatlcmd? I& f’rcuutheenergyequation(7}andthecon-
. ttnuityequations(1]yieldsa modifiedenergyequationand s - 1 con-

tinuityequations.Thecliffusionequationsarethenusedtoeldminate
the W!s frcmtheener~andcontinuityequations.Thesynibol

w % - %/X~ (aPPentiE)isintroducedforconveniencethroughout,and
dT/ilrisintroducedintothecontinuityequations.!lheresultsarean
energyequationandcontinuityequaticmsintermsof ~, ~, and

IfthediffusionequationsaretakenIntheformofequatton(28),
theequationscanbeinte~tednumericallytoproducea solutionwhich

1 isessentiallyexact(subjecttotheapp~tion inthetransfurmticm
ofappendixD). S- c~llc8tio~8rs=co~teredj= ~i~l SOIU-
tionoftheequationsisnotpossible.However,a numericalsolution
k beenobtainedforthecarboncase;thesignificantequationsandthe
UfficultlesareIndicatedinthenextsection. —

Ifthediffusionexpressions- takenintheformcfequation(2b),
theequationstakethefollouingform.Theenergyequationis



(9) .

~ .&swclficcase,q and Ci devel~ :inthe algebm.

4 and 8i a~ng Inequatims1(8)and(9)=e slowlyvarying
functionsoftemperatureoverwiderangeso~temperature..Inaddition,
q q u withcomposition.

8
Fornarr~t@peratureranges,~ and a.

havebeentakenasconstants).Thenequations(8]and(9)maybeinte- .
gmtedinclosedform.

Theenergyequatiom(eq.(8)) beccm@s

Apl= #
-&H:LA

Wk?t3~=T-To - APi= pi,T

Thecontinuityequations(eqs.
form

anda

.
—

.-

- q,~om’

(9))yield~ -1

: .-

+N ‘andg=2,
:“

Further,thereE&e u - s equilibritie@atj.one

total-pressure

s

‘n -hg““~
q-q Pg i

8-’.
equation

(lo)
.

equationsofthe .-

(5)

(3)

.-.

●

☛

✎✍

.
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d IfminorInertgasesarepresent,p~ti = constant,and,therefore,
APk~ = 0. me P1~P2~. . .)Pg,. . .,~ onthekft SI&S of
equatims(10)and(n) =e thespeciespreviouslyselectedasinde-

9

pendentvariablesandwhichappearontherightsideofequations(5).

Ryuatione(10),(n),(5),and(3)intheformsIndl.catedmaybe
solvedsimultaneously.Valuesof pi atteqeratureT (pi,T)~ be
obtainedprovidedthatthevaluesof ~ atscme

~ (pt,To)~e a~t~blecod
Khowdngallthepartialpressures~,~o) at

nearbytemperature&

S- ambientboundary

where T = To,selectT andguessfirstapproximatiasforthe = in-
dependentpressures.Usingtheequlllbrlumequattons,canputefirstap-
prxtions fortherenwhlng~,T andthenobtainsecondapprmdma-
tionefortheindependentvariablesusingtheintegratedeqyations(10)
and(n). ItemtetOobtdnCOnetantnlUeSfOr~1 p~,T ~~ ~w
forma newsetofboundarycondltlms.Selecta newtemperatureand
continue.

g TheiterationprocedureisnormallyStraightforwardandconvergent.
. Whilenotalwaysrapid,itcanueualdybeacceleratedbysuccessiveap-

proximationsbasedonthetrendoftheearlysteps.Forseveralin-
tervalsinonesystemthatconvergedinallotherintervalE* ~theitera-
tiondiddiverge;inthoseintervals,successiveapproximationsfinaldy
prticedtheanswer.

Theselectionoftemperatureintervalsisnotcritical.A maJor
considerationshouldbetheavailabletablesof ~ and ~ (thereis
muchlessworkIfInterpolationcanbeavoided).Generally,400°K in-
tervalsprovedsatisfactoryovermostoftherange,with200°K Intervals
nearthemaximumtemperature.Itisprobablydesirabletohavetheupper
limitcftheMghest_rature intervalwlthln50°K ofthe~
temperature.Thereisnopartlc~ reasonfordeterminingthe~
temperature.

At everytemperaturetherearetwosetsof pi uhlchsatisfythe
equatlans~ onesetcorrespondingtoa fuel-leancontitionandtheother
toa fuel-richccdltton.Accidentdtntachange @ thesetwocondi-
tionshasnotoccurred;however,a verycloseapproachtothe~
temperaturemightproducesuchconfusIon.Oneithersideofthetempera-

. ture~imum itisconvenienttoarrangeeq-tions(10),(11),and(5)so
astouseasindependentvariablesthosespeciespresentinsignlflcant

* quantitiesinthatregion.
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Toendthecalculationforeither!the-numericaltntegraticmorthe
analyticalsoluti.”cm,a bounderyconddton-gustbeselectedforthesur-

4

e
faceofthefuelparticle;sucha cri ri~ maybeeither the stiace
temperature,thepartialpressure.afthe@cl, orscam.equilibriumcon- .
dition.TIEcriteriafortheworkher~aZZbasedonthelattertwocon-
siderations.Thesecfiti.eriaprcduced\E-titlesurfacetemperatureslower
thanthoseanttci~tedonthebasisti~~..bailingpointorthesummat-
ion point.Theeffectsofsuchtiffe~encesonthelmrntngratearerela-
tively amdl; however,itisfeltthatpa criteriaeremorerealistic
thaneffortstoguesstheprobablesurfacetemperature. 8

.s
EitherkhenumericalIntegration

d

‘ && useofequations(10)&d
(11)leadstoa plotafpartialpress
molecularspecies.Suchplotsares

a@inst~erature fareach
forcarhopandboroninfigure

2. The”burni%rateWf canbeobtainedfrcim%suitablecontinuity,__--
equatian;forexaqple, .-

Substitutingthe
gives

appropriatediffusion*qtions(inthiscase>eq.(~))-.”- .
.-.=

(13) =,-

#on integraticm,

(14}

fo~anintervalcorrespondingtoa Latke intervalAT with“limits
To and T,wherethepartial-pressuret8are Pi)Toand pi,T and

the radiusUmitsare rTo and ~. _ ‘-

(is)

*
.
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(16)

correspondstosummingf- thesnibientboundaryrC totheparticle

in this waypermitstheuseofanaveragevalueof x foreachtemper-
atureInterval;asa firsta~oxlmatim, x isthethermalconductivity
oftheinert(sta~t )gasfromtheanibientatmosphere.

Thespatialstructureoftheflameisobtainedfromtheratio

/

Wf Wf
ZX%q Then

(17)

sf wherethedenominatoristhesumoverall AT,andthenumeratorissuc-
cessiveaccumulatedsumsoverM intervalsfromtheouterboq to

B thevalueaPtheradiusr. Flsmestructuressocalculatedareshown
forcarbonandboroninfigure3.

Itshouldbenotedthatthegeunetryoftheccaibustionsystem
(spheres,cylinders,orplates}doesnotaffectthepartial-pressure-
temperaturecurvesinvolvedinthesecalculations.(%emetryisintro-
ducedcmlyinfindingtheburningrateortheflamestructure.Because
ofthemathemtlcalformsofthevariousgecuuetries,thesphericalsystem
ismostconvenientfortheoreticaltreatments.b thesphericalcase,
the*lent boundaryappearsas l/rC,andthetermapproacheszeroas
thebowdaryisremuvedtowardinfinity;Intheothercases,theanibient
boundaryappears~licitl.yinthefInalresult.~ a sense,thesteady-
statesolutiondoesnot-st exceptforspheres.

Carbon“
Tfwcauibuetionofa carbonparticleinairIstreatedasa specific

ewupletithegeneralequationsaPtheprecedingsection.Thegeneral



12 1- I?ACATN3929

physicalmodelisshowninfigurel(a),~cq thatnoassumptionsare
madeaboutthestructure.Carbon,oxyged,andnitrogenare s = 3 atom
species.CIO#O~CIOI~O~COO#O~COOl~S~”~~C@@~ me ~ = 5 molecular,.-.
species,morefamiliarly,C02,CO,02,0,:arXIlJ2.Thefueliscon-
sideredasCIO@oandisnotincludedasp molec- speciesbecauseof
theverylowvaporpressureofcm?bon;tk&-&issidnmerelyreducesthe
numberofequilibriumequationsbyone.,~en”

w

.

‘carbon=WC02+ Wcoa ~wf“:Wf )

NumericalinteRration.- Thetius~m equationsfor V - 1 = 4
s~cies,~~, CO,~, and0,withthe VW speciesidentfiiedas 112,
theonlyinertgaspresent,taketheforni —

TPC02 02dpcoz‘32C02 _ —.
d??—-m?2 m *

forCO,02, andO. For

WC02 -=C02—m—#i? RT
.

(%)

intheSJlitxLent

(3C)

andsimilarly
atmosphere,

.-

N2;the inertgas,.
.—

—.-

Thev -
independentvariables~ = s minus‘then$mb~rofinertspecies;
3- 1 = 2). 02andC02havebeenselect@@@independentvariablesbe-
causethesespeciespredominateatwe c@d~bounda~.tiechemical
equationsforCOare

—

—

,*

P-

___ —.I
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C02=CO++02

1.3

.

.

co++02- C02= o (zero)

andforO %olecules”

0=+02
I

Theequilibriumequationsare

PC02
Pco- %0

xP2

lj~oPo“ k&02 C021

‘Kusingvaluesti~ franForexemple,incalculating~. at2000
referenoe7, e@ation (6) becomes

log~=log ~o++log ~-log %2

= 21.1878+~ (6.2695)- 27.1855= -2.8630

I

(6c)

kco= 10371xlo-3

Theenergyequationis

Wfttf-wc~o-%OJ%02-wo2%~-w&- %#N2 - -4Y#x~ (7C)
o

With Wf eliminatedfromeguattons(lc)and(7c),the~gy equation
beccmes‘

.4& ~ (7C’I- Hfo)+ W02%2+ %%WC()(W-Hfo)+ WC02%02
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Usethefourdlffusionequations(~] to
cancel4afrzand &r,introducet3~e
ccmmlderablerearrangement,the“energy

D#RT,

XW24TN3929
*

elimlnatethefourWi’s~ 9
~ r~e. J@er

q)

1
+H&o=+l +

r
1(%0-HfOlPco+(HC02-

1(
~.*O

)
dpo—+~~=,oH@ PCQ2+HU#p2‘_Wo a

The

(2-pco-

Rmther,

continuityegpatlonforo-en cpn.beslmllarlytreatedtoyield

eqtilibrtumequatianeare

Po=

%2
%0 ‘*

P02“‘1

(19C) .

(5C)

the derivativesoftheeqtilibriuuequationsarerequiredfw
thentiricalimtegratlon

r

w
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Theenergy
theequil.lbrim
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equation(eq.(18C)),thec~tinul~eq~ti~ (e% (19c))z
equations(eqq.(5c)),andthederivativesoftheequi-

libriumequations(eqs.(20c}),intheformsIndicated,my beintegrated
nmertcallyusingthesecondmeth~ofreference8. ‘l YliShasbeendone
usingforthecold-boundaryconditions(at C): T = 300°K,
P02= 0.2095,pC02= pco= po= O. Theqpaatlty~ (appmdixE)was

●

assumedtobeIndependentoftemperatureandcomposition.g valuesof q
forequation(6C)and ~ wereobtainedfranreference7.

s

~ thenumericalintegration,thetenpratureisa verysatisfactcmy
runningvariable,because4 and ~ are tabulatedat100°C Intervals.
However,atthemaximumtemperatureall dpi/dT= -. Therefore,the
~ variablemmt bechangedatsanesuitablyhightemperature(ln
thiscasea shiftfrm T to pCo wasmade,whichytelded~/dpcO
* dT/QCO]●

Theboundarycmdltionforendingthecalculationofthetemperature-
ccmpositionprofilewasselectedasthetemperatureatwhichpco and

PC02 satisfytheequilLb-tiumforthereacticm

c + C02= 2C0
J

.

.a

Thisboun&ryconditioncorrespohdecloselyto pco2= O. Theresults
aethenumericalintegrationarevalues~ PcO~Pco2~Po}~ P02 at
varioustemperatures(fig.2{a));~2
(%)●

folLcnmdirectlyfrunequation

.

.

into
that

Theburningrateisob~ed bysubstitutingthediffusioneq@d.ons
thecontinuityequationfarcarbon(theprocedureisanalogousto
yleldimgequatlone(lZ!)to(16)):

Wf *=
a

[

PC02+Pco.x8~dpC0+5G02@C02+
1

(~pco+~2dp~2+~2@02+80@(’))
R?2

(24J
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Upcmintegration,eachsetof API co~espondingtoa particularAT
correspondstoanincrementinspace.Thesumoverall AT intervals
f- Tc to TA when rc= = and rA~~~h ~e~cle r~U8
yieldstheburningmxteWf:

Wf T t+ T

G
q- ,

[ {)

C02W’C0
x@CC#PCO+%@Pco2)+ 1— (tiPm*02APco2*02APo2+wPo)

%2

PC02+%0whereX and tie factorX
mz

the temperatureintervalcorresponding
portedintheRESULTSsection,

!:

~- W.cenasaveragevaluesover
1“
tO Api. Theburningrateisre-

Thecaqpletestructureforthecarbbn~ticle Mffud.onflame
(fig.3(a)) istracedoutintermsofeq@tiau(23c]asdescribedIn
connecticmwitheqmtion(17).

lyticalsolution.- Tocarryout!the-analyticalsolutiminste&&
ofthenumericalintegration,thediffua$onequationsaretakeninthe
form

w~ Di~PL
~ ‘-m=

Theenergyandcontinuityequationsa#r ~ the
equations(8)sad(9).Theappropriateeqwitlons
stepsinticatedorcanbeobtainedby se@@ all
or Api) equaltozeroIneqwtions(18c)~(19c]~
Theenergyequationis

(~(j
formindicatedby
canbedertvedbythe
Pi (butnot dJ?I/dZ
{22c),and(23c).

(8C)
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Theaxygencantintityegpatlon1s.
●

>.
3
I

T& equationsmy beIntegatedat~ce,prtideda
intervalisselectedsothattheenthalpytemnsand %

17

..

matedbyaveragevalues.ontheoxygen-tichside,P02 - P~2 -e

appreciableandareselectedasindependentvariables.me elimination

Q*
of%~~ frcmthe ener~eqqation resultsIna sllghtaddltlcaal

simpMflcation.Then

and

(lo~)

%02”%02-%’.-%2
Equations (1OC]and(q)

equations(eqs.(5C)] ~ ~
mumtemperature,thatl1s,uver

are Iteratedtogetherwiththeequilibrium
outerboundarytowardtheregiomofmsxl-
theoxygen-rtchsideof* f- -nta

.

xl
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on
andare

NACATN3929” .

thefuel-richside,Pco2 and pc~ =e themajorconstituents ●,. @coselectedastheIndepentitvariableEi‘~ti 5C0T
fromtheenergyequatim.!llhen ,

where

AT + 6%H&Po
4Pm2 = It

- 5c02~02

,.

@mo=-& @o@o + 250.+PQ2~ %o#%oJ

,

%=%-%0+%0

%2=%32-CO’+% .-0

%0“ %02+Hfo- 2%0

Theequilibriumequations(eqs.(5c]) mustalso be..
tezmsof pw - P(TO , .,

2 ;:.. .

02- 2C02+ 2C0M O (zero) 0;+co-C02.0

()PC022%&%o~
Pco

Po=k&o#

.

(lo~’)

(UC’)

—

..
,L

.

(zero]I(5C’)

k& and ~. q beusedasdete-d beforebutam betterevalu-
ateddirectlyintermsofthe ~ toav~ida bul.ldupInrounding-aff
errors.Thissystemofequations(eqs.(5c’),(1OC’),~ (~’)) ~Y
beiteratedJustasm thecwygen-richsids_~ themaximumtemperature. —=

Theshiftfromonesetofeqpations:totheotherisbestmadeafter
appr-thingtowithin50°K ofthe_ xratuxe.

“
Usingthelast

setof pi and T foundontheoxygen-@@,side,guessesaremadefor —
.—. ._ *

I
-1.



NACATN3929
\

Pm ~d PC02atthesemeT onthe
9

procedureisshilar,exceptthatwith
Smll changesin

Theburning

+“

rateisgivenas

Tm to T,
w+ -. A

19

fuel-rich side. Theiteration

~ = O ~tismores~tive to

. . .

a
andthestructureoftheflameIsasinequation{17).Theequations
canbeobtainedfrcmequations(22C}and(23C)by settingpi= O (but
not AH], exceptfor i = Nz.
RESUMEsection.Thestructure

!15eburningnteis reportedinthe
isplot~ infigure3(8].

Boron

Theburning=te ofa boron~icle istreatedina~ B by
themethodsoutlinedinthesectionGEMERALEQUATTONS.Becausesomny.41

l?!
equilibriumequationsexist,thenumericalintegrationisnotcarried
out;rather,theenalyKcalsolutionusingtheiterativeprocedureis. a@led tofourseparateboundaryconditions.Thederivationofa

8 boundaryccmditionforcondensedB2~ isticludedinappendixB. Also
. includedarethedetailsofa rapidthree-graphmethcdforobtainingthe

burningrateoftironundera vartetyofambientcondititi;this
graphicalmethodisofgeneraluseincasesinuhfchsomemedimtemper-
aturebouudaryexists.

l?lgure2(b)showscurvesofpartialpressureagainsttqperaturefor
bcmonburninginair;figure3(b)givestheflsmestructureforthesame
case. Theb&ningr&tes-from&& &al@lcal
fledequatims(appendixC)arepresentedin
tablesI and~.

Hydrocarbons

S@llfiedcalculationsofburningrate
forhydrocarbonsInterms& heatconduction
1 and5 giveresultsaPcalculationsshowing

solutionandfrmuthesin@i- -
theRESUEIE!sectiaandIn

havebeen-de previously
anddiffusion.References
theeffectonburningrate

ofcertd.n changes Inthe basicassuqptimsinvolved.Theequations
usedinthosecalculationscanbededucedfromthegeneralegpationspre-
sentedinearnersecttonsofthisreportbyintroducingcertainassump-
tlcmsaboutbomdaryConditiculsbide theflame.
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Thedetailsofthereductionofthe!generalequationstothes@pli-
fiedequatimspreviouslyusedareconta~edinappen~ C. Theuseof
thesimplifiedequati~s1=* ~ ~ ~~ssa~ for.Vf/~~A fortie
burning=te,asdoesuseoftheextan@ calctition.Thecmlyinforma-
ticmwhichcanbededucedabouttiestru$t~eoftief- is* loca- ,.
tioncd’theflamefrent. I.

Theburningrateofisooctane(a
%!

i- hydrocarbon)inairisi.n-
Valuesf,r d~erambie”ntoxygenp?tial .
bereadil$obtainedfromreference5 as

eludedinthe~UL!IElsection.
pressuresandtemperaturesmay
indicatedinappendixC.

Magnesium::

Workhasbeenptillshedontheexpe’
Sti%:vm: TST$?%2K- -rates) ofmagnesiumribbonsinvariousa

I.ationspresentedtitihthatworks~rt ~& ~-~1 res~tsq“~
closelyinthepredictionofrelativera@s;_however,thecalculations
werebasedonequationsdeducedfrm the~eq~tioneusedforhydrocarbti ‘-
(refs.1 and5) ratherthanfromthegem$ral,”equationslikethosepre-
sentedhere.Iftheequationsforthem@gnesimcasearededucedfrem–”
theequatimsintheGENERALEQUATIONSs~ct@n,theresultingequations
havea somewhatdifferentfozmthanthos~anearinginreference6.
Thesechangeshavesomeeffectsonther~sultwM theprevioucalcula-
~~~ forqesi~. me computedburnixratesdecI’eaSeS-wt ““. _~
(burningtdmesincrease);thepredicted$elativeratesarescmewhatless
stronglydependentuyontheambientoxyg$m~ial pressure.

.- ..

Thedetailsofthereductionofthe~gexieraleq~ticnsarecontalmed
inappendix C. Theburningrate isob~d
fomnationobta3nedabouttheflamestruc@re
andouterboundariesofthehigh-tempera$urq

m=;.

as Wf/4mrA.Theonlyin-
ISthelocatimoftheimer
zone. .-. ....=

Whenthecalculationsdescribedinwe GENERALEQUNl?I~Ssection
area~~ed tocarbonasa specificexample;andtob- (a~ B)J -
thqy yieldtheburningrateandthefla@ structureofthediffusion
flame;thesecaneassimpleconsequences~oftempemture-c~osition
cuveswhicharethedirectresulttit~ n~ricalI.ntegratimorthe
Iteratimoftheaudyticalsolution.T&@3?ature-ccmpositlmcurves
=e showninfigure2(a]farcarbonandk figure2(b)forborcm.The
flamestructureofcarbonisindicated1$figure3(8)andd boronin
figure3(b).Burningratesarepresent+ti_t.able1.

-- -.
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=
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Forcarbon,figures2(a)and3(a)givetheresultsofboththe- numericalintegrationandthettmtlm procedure.Theydonmtalffer
significantly.~ theoxygen-richregionbelow2M@ K,wherethedlf-
fusionof02andC@ isactuallyequimolarcounterdtffustan,thenumeri-
calIntegr&tionandtheanal@lcalsolution(basedondiffuetauequa-
tlans(2b)ofthessmefcumasthoseforequfmolarcouRtezWffusion)
@ve identicalplotsofpartialpressuresagainsttemperature.Inthe
fuel-richregion,theptial-~ssure - ~ture curvesdivergefor
thetwocases;twomolecules”ofCO-s outforeachmoleculeofCC12
goingfn. - burn@ rateSfOrthetWOca@bonCalCtitiOUSagreewe~.
ThisIsanindicationtit theconsid-blylessdtfficultanalytical
soluticmdoesnottntroducesignificantvariationsintheresults.

ItQures2(b)and3(b)showthe~ial-pressure- temperaturecurve
andthefhme structureforboronbuzmlnginatrfromtheanalyticalso-
lution(a~endixB]. Forberm,theanalyticalsolutioninvolvingthe
Iterativeprocedureisappliedtofourseparateboundaryccmdlticms.
Iheseresults(fig.4),togetherwithtwocurves(figs.5 and6)repre-
sentingboundaryccaditicmsforthecondensed&de, yieldboronburning
ratesfora widevarietyofambtenttemperatureand~gen concentration.

Thefouowfngparagraphisanexan@eoftheuse offigures4t06-
findtngtheburningrateofboronWf/4fiAforanambienttemperatureof

. 400°Kinam&tmreof18percent 02and82percentH2~volume atl at-
mosphere.I&anfigure5,thecorrectiautermAP02= 0.0514;then

%#570 = 0.1800- 0.0514= o.1286.I%cznfigure6,for400°K,

(Wf/4sc){1/r~~O- l/r~)= 1.2M(10-6molepercentimeterpersecond;
framfigure4,for
8.33x10-6moleper
Wf/4~A= 9.X~-6

Thesimplified

po2H70= 0.1286=tm,(Wf/4Yr)(l/rA- l/lrfi70)=
centimeterpersecond.Therefore,with l/rC= 0,
molepercentimeterpersecond.

equationsdeducedinappendixCfmm thegeneral
equations~ ap@ied‘toboron.Thecalctiticmswerecarri~outfor
twoextramdydifferentc~osttionconditions(caseA, BO~ cccygen
andproduct,caseB,productandnttrogen);noteremarksonthetreat-
mentofdissociationinappendtxC. Thevaluesof Wf/4~A obtained
(table1)areinsubstantialagreement,althoughthevaluesof ~
var~edwidely.TheonlysignificantclifferenceInthetwucasesarises
whenambienttemperatureandmcygenpartialpressureem varied

. (tableII).

T!heburningratesforboronobtainedfromtheextenddCa.lculatims. areshownintableU. Fora stiesofincreasinganibienttemperature,
theburningrateinairincreasesroughly1 tO2 -cent ~ 100°Kj
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reducing
phereat
A ofthe
tothose

NACATN3929
*

the Initial oxygen mtal pre~sw?gfrom0.21 to0015atanos-
8W0 K decreasestheburning~te byroughlyone-third.Case &
simpld.fiedcalculationgivesn

r
ricalanswersratherclose

oftheextendedcalculation,b t thereIsllttleveriatiawith.
smbtenttemperaturesandoxygenpartialipressure.CaseB ofthesin@A-
fiedequationsgivesnumbersabout50~rc&t greaterthanthoseofthe
extendedcalculation;however,therelativedependenceofthdburmlng
zateuponambienttemperatureandoxyg~~lal pressureissinrUarfor
caseB andtheextendedcalculation.When.%e resultsal?theextended
calctithnsareccqmxedwiththosed ~~–simplifiedequations,it
a~earsthatformanypurposesthesimp~fiedcalctiti~sshouldprove
adequate.

Thenumericalresultsofthecalculsticmsdescribedyieldburning
rateswhichmy be~essed Ina -ie~ ofwqys.Forthespherical
gecxnetryconsideredhere,thisleadsto!valuesof Wf/4~A whichin-
cludethesteady-stateassuqpthnthat l/rc hasgonetozero.The
unitsofthe integrals are (moles of*1) /(cm)(see).Theseresultsare
convertedtothemorephysicallysignif’cantunitsoffuelconsumption,

)6/(cm)(see),orheat-relaserate,cal(cm)(see),byintroducingthe
molecularweightofthefueloritsmow @at ofcombustion.!lkbleI
@VeSVal.UeSd Wf/4mA Ina variety‘ofUnitsforc@bon,boron,iso-
octane,and~esim.

Theevaporationcons-t andpart“clelifetimesforl-micronpar-
ticlesarealsoIncludedintable1. L s-evaluesarebasedcmthe
assum@ionthattheseparticlesobeytieformulaforevaporation,w~ch
includesburningasa spectalcase(r~s.2and5),

where~ isthedropdiameterat t q 0,d isthediameterat t,
and P‘ istheevaporationconstant.~Thedropletlifetime@ then

M ‘fwt@refJ’. 8)(@ -P= squaremicron$p& second. .

Ona weightandheat-releasebaslb(table1)isooctaneand~-
nesiahaverateswhichareroughlytl&eetofivetimesgreaterthan
thoseofborcmandcarbon.(Molarratbsarenota mwdmgfulc-ri-
senforsubstancesofdifferentmolea$arweight.) ~ tezms@ ~rticle
lifetimes,thoseofboronandcarbcmye .* _ aPmgnitudegreater
thanthoseofisooctaneandmagnesium.’

.

—

.

-.
..

—

..

:.

●

“1 .- .-.
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Theburning-ratecalculatlcxM(which
burning)donotinthemselvesexplainthe

23

.
applyonlyto8teady-state
extremedifficultyofburning

ekmen~l boron(e.g.,Incanpletec-usti~ eva ina b- *or~*
(ref,.9)).Theccmputedstructuredoesindicatelargeconcentrations
of~eous boricoxide(B203]~ thebo- 8Wace. Duringignitica
or underconvectiveconditions~ a momentarilycoolboronsurfacetight
becomecoatedwithcondensedadds;sucha coatingcouldwdl preclude
cmpletecmbuetian.

SUMMARYm

A 13ystemwithgeneralequaticms

REsuIm.

forccmputingtheburningratesof
smllp&ticles hasbeendevelopedandappliedtothecombustionof
carbon,boron,mgnesium~andIsooctane$withthefo~ res~ts:

1.Burningratesofllquidhydrocarbonsandrelativeratesformag-
nestumribbcmshavebeenpredictedtisatisfactoryagre~t with~eri-
mentfrcma modelinwhichheat-andmass-transferprocesses=e assumed
ratedetermining.

2.Theequationswhichdetezmfnethesteady-stateburningofliqulds
orsolidscanbesetdownina generalform.F&cmthesegeneralequa-
tions,togetherwithappropriatesimplifyingaesu@dmns,theexpllcit
burning-rateequationswhichhavebeenusedpreviouslyforhydrocarbons
andmagnesium~ bederived.

3.~ dissociationisconsideredinthecalculations,morerealistic
temperatureandcanpositlonprofilesareobtainedforthecdbustion
zcme.However,suchconsideraticmsdonotchangeburrdngratesgreatly
fromthosecalculatedfrcmhighlysimplifiedmodels.

4.Calculationsindicatethatheat-rel=serates~ ~ * W*:
liquidhydrmxrbons>nwgnesium>‘boron~-bon.

5.Theburning-ratecalculations(whichapplyonlytosteady-state
burning)donotinthemselvesexplaintheextremed3fficul.@ofburning
elementalboron.

LewisFlightRwpulstonLaboratory
NationalAdtisoryCamOltteeforAeronautics

CleveUmd,Ohio,Deceniber14,1956
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are
set

Thei?ol.lowing
those eqplayed
oftits):

B,B’,Q--

c“

C,c’

D

d

F(l?)

G

g

H

AH

E’,Hn

de

K

k

L

M

n

P

P

Q

.

ARE!ENDIXA . . i

SYMBOLS

symbolsareusedin-a report(tietitsi~-ted
here,buttheequatic@arev@ld foranyconsistent .—. “.”

&finlteintegralsdefined~ *t, moles/(cm)(see} 8
a

differential function defineklby equati~ (D3)
-.

constants,developede@dci@y inanyspecificexsqle

diffusioncoefficient,sqcm’/sec

diameter,microns ~“..

rightsideofequation(3~1~

mass-transfermateperunit@es,moles/(sqcm)(see)

genemlindependentmolecti species

enthalpy,includingchemical ~energ,cal/mole

sensibleheatoffueltoboifingpint,cal/mole

sumsofenthalpies,develop~@city inanyspecificex=
aqple,cal/mole 1.

heatofccunbus~ion/heatofv?ipoiizatian

equilibriacmstantforref~tiereactlm

equlllbrlumccnstantforspecifiedr6action

heatd vaporizatiau,cal/mole

molexndarweight,g/mole !

stoichtametriccoefficient:

totalpressure,dim i ‘=,.

partialpressure,ah :.

heatofcombustionatreferen~etemperature,cal/mole

.-

.

...

.



t

tz

T

w

X,Y,!Z

%LYzi%

x

@,l)*?

Q(2,2)*

Subscripts:
-

A,B,B’,C

unlverealgasconstant
{
82.05(CUcm)(atm)/(%)(mole)
1.987cal/(°C)(mole)

radiusfromcenterofpm%icle,cm

nuiberofa-kmOpeclea

s minusthenumberofinertspecies;numberofmolecular
speciesadopted_ independentvariables

absolutetempe=ture,%

time,sec

lifetimeofparticle,sec

-U8ionveloctty,cm~eec

mass-transferrate,moles/see

stunspecies

generalmolecularspcies

molefracticm,p/P

DiJP/RT,mole/(cut)(sec)

evaporationconstant,sqmicrons/see

D/xRT,(moles)(°C)/(cal)(atm]

thermalconductivity,cal/(sq

nmnber& molecularspecies

fueldenstty,g/cc

moleculardismeter,Angstrcme

cm)(sec)(Oc/cm)

integralsforcalculationofdiffusioncoefficientand
thermalconductivity,tabdatedinref.10

bamdarlesofzones(fig.1)
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AB,BB’,BC,B’C

(c)

eq

f

(g)

I,J

o

P

zonesbetweenappropriate,boundaries

condensedphase .

equllLbr3.mu ,

fuel

gaseous,phase .—.;.-

generalmolecularspecies’

Initialconditions :

ccmibustionproducts :

NhCh!lY3929
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.
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APPENDIXB

DETArIs0.??BORON!mwrMEm

Thtsappendixpresentsthedetailsofthetreaxt ofboron :..
h termsofthe~eral equatims.T%isincludestheequationsforthe
mi~l soluti~,asmu asthederivationofa boundarycondttion
f~ condensedB203.Further,there is ane@anationoftherapidthree-
graphmethodforobtainingburningratesofboronundera vartetyofam-
bientconditions;anexampleappearsinthe~ULTS sectlan.

GeneralBaronSystemwithGaseousB203

Thegamral physicalmddelisthatindicatedinfigurel(a),except
thatnoassumptionsaremadeaboutthestructureoftheflame.Heatand
masstransferareconsidered;cmvectionisassumedtobeabsent.As
distinctfromcarbon,boronIssigniftcantlyvolatileatflametempera-
ture.Nevertheless,thehandlingoftheequationsisquiteanalagousto
thecarboncase.

*
3 Boron,oxygen,andnitrogenare s = 3 ata speciescorres~ding

x
to x,Y,z ofthegeneraltreatment.B,B2,BO,B#3, 0,02,md N2

o are v= 7 mokculsrspeciescorrespondingtoBIO#o~B20@o~~OIHoj
B20#o,~OINo,~02No,md ~O@2 inthenotationofthegeneralcase.
BIO@oisassumedtobethefuelrmlecule.

Thecontinuityequationsare

IwRn
eqwddons

.

~on”WB+2~+~+2~2~=lWf=Wf

%Xygen‘WBO+%203+WO+W02= ‘f=o

Witrogen‘%z=~f”o 1

thediffusionequation(eq.(2b)),the v - 1 = 6 diffusion
areoftheform

% %%
—=-iiz7iF4m2

(%)

. andSiUd.hl?~forB2,BO,B203,0,and020
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Thetatal-pressure equation fornitrogenis

Forindependent~ables, F = 2 (s~ 3~nus 1 inertspecies,N2];
02andB203arethenmlnertspecteswithgreatestpmtialpressures
nearthecoldboundary.The v- s = 4 ~hemicalandequilibriumequa-
+XLonsare

~B203=B+~02

B + ~ 02-~ B203= O (zero)

B203=.B2+ ; ~

B2+:~ -B203= O (zero)

~B203=Bo+~02

B0+*02- ~~03=0 (zero)

; 02=0

o- = O (zero);02

,.

1/2
%203

pB”%qz-
2

l?8203
pB2-!B2~

,

The energyeq~tiontakestheform ,

l/2Po“k@02

(5B)

‘#f -w*-wB~ - - 4m2X~
-%0%0 -%203%203‘-‘#o -W02%2o 22 dr

r

●

*“ -
o_
iii.

+
!: ...:

.

- .
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Asinthegeneralequations,theenergy equationandtheaxygencontinuity
equationcanbetranspsedtogive

Equations(~) and(~) x beintegratedusingmeanvaluesof 61 and
~, andeachequationsolvedforoneofthetwoindependentvariables.

Asinthecarboncase,itIsconmmienttoeliminatethesecondin-
*2O3

~t variablefrcmthe”energyeqmtlon; 05~%2
iseliminated.

. Indep_t variablesare ~203 and p02 cmtiemrygm-richside,

~203 d ?00
cmthefuel-richside.

Theenergyequation(onthe~-rich side)is

Thecontinuityeqmtionis

Equations(1~)and(llB)togetherwiththeequilibriumequations
(eqs.(~))andthetotal-~essureequation(eq.(~))fm nitrogenmaybe
iterated,asinthegeneralcaseandthecarbonexemple,assoonascold
boundaryconditionsareavailable;however,sucha solutionispossIble
mly whenthesystemisentirelygaseous..

%,

CondensedB203,a SpecialBoundaryCondition

WhencondensedB2031spresent,t~ture isrelatively@w; B,
BO,andO areessentiallyabsent;andllz,02,B203(g),sadB203(c)
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arepres~t.Thes@ols ~g)and(c)Wi$h”-B203standforgaseoti@ , -.—
condensed(liquidorsolld)oxide,resp@ively.Fortheseconditions, - -
thecontinuityequationsassumethefox .-

‘B203(d + ~203(c) = ‘f

‘B203(g)+ 3%203(C)+ ’02 = 0

1

Thedlffusfoneqpaticms

Fortitrogen

TheequilibriumPartAal

1 (25B)

“

.—

‘“g pe~B203=OIOg‘B@3(@ - lW ‘B203(c) (27B)

=-1, (2%) -
.

,.. -.. .
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‘ince?B~o~(g).

%203(g) ‘Pe~B203 %~o@ -%~o~(c)
m (3q=— = pe~B203m ~2

Substitutingfor ~203/dT inequation(2%)givesthefollowingex-
pressionfor d~/dT:

dm2
-w=

A secondexpressionfor dp02/~isobtainedbysetting
‘B203(C)= O inthecucygencontinuityequaticmfortheboundaryat

whichtheC~ed dde ~SheS ,thensubstitutingthediffusion
~uationsfor ~203(g)~d ’02:

.

(32B)

A graphicalsolutimofthesetwo~resslonsfor dpo2/dTintams of

pe~B203indicatesthatthetwofunctionsareequalata temperatured
157&K,whichcorrespondsto ~203 = 0.004365atmosphere.TMs is
essentlalQa dew@nt forB203inthecmhuetionsystem;itisinde-
_t oftiedi~t _=ratue m w -ant peu-blalpressureof
~gen, butwouldbeaffectedbyanY~tiom Of ~o) ~2~ or ~03=

me Condltian%203(C)= o asa conditionatthedewpointissmewhat

arbitrary;however,noMfYuslonequationcanbewrittenfm thecon-.
densedphase,andthereisnobasisforassigninga flowveloci~other
thanzerotocondens~~lcles cfB203.ThecondensedB203~cles
areimplicitlyass-d tomove,inotherreglms,attheveloci~neces-
sarytomaintainthesteadystate.
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IW ~ pressureof oxygencorfespm
Y

to T = i570~K and
~203,1570 isobtainedbyintegrating#qtition31B)graphi~ to

.

yteldP02,1670:

J1570
F(T)~ = ~p02:= p02C-

Tc :..’

hre F(T)iswe tightSideofe~ua~~(31B).
theintegralasa function& TC(the~lue of
totheanibientptial pressureaPwg~ (P02C)

theanibientt~ture frmn1570°K). ; -

Figure5isa plotof 8“

AP02 isa correcticm
8

forthedemure of
—

BurningRateand& %mcture
.—

ZntheregionswherecondensedB20~&i.sts,thecontinuityequatiaus -,
(2~)canbeccmbinedwiththediffusi~equationfor
TMB welds ; “..

wf””$wo2”$xq24fi2

whichwhenintegratedfromtheanibientbtidary

theboundaryCdllditiolkl(1570°K,po2157~,and
(33B) 1-

.

dpo2
r

.-

. .

.

(TCJ Pqc,=d rc)to -
—

ru70)@mSIbyequation .

RLgure6 isa plotaPtheintegralasa $unc*ionof Tc calculated
aesumingx = x~2● Thevalue ofthei.nte~ inequatim
yieldtheburningrateif r~70 couldbedetemdned;as

integralisa quantitywhichmy beaddedtothequantity

to@ve thebuzmlngrate.

(3q WoLiLd

itStandathe

()‘fl - 1
.

z< =1570
!.”
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Withtheboundaryconditionsat1570°K takenasthecoldboundary,
theanalyticalsolutimappr~te togaseouscmditionsmaybeob~ined;
thatis,theenergyequatian(eq.(1~)),thecontinuityequation(eq.
(~B)),theequillbrimeq-ti~ (eqs.(~)),andtiepressureeqmtian
(eq= (~)) ~ be itemtedaainthegeneralcaseandthecarboncase.

Thissolutionproducesa plotofthepartialpressureofeachccm-
~t _st ~ture, asshowninfigure2(b).Theappearanceof
theclosedlooph theplotcd’thepartialpressureofboricoxideis
solelytheresult& theequilibriaandtheplot,andhasnophysical
significanceinitself.

.
Theburningrate Wf canbeobtainedusingthecontinuimequation

forboronbymibstitutingthediffusionequationsandintegrating.This
yields

towhichmaybeaddedtheright sideM equatian(3@ toobtain

isobtainedw letting apprcachzero.

W structureoftheboronflamecanbededucedfrcmthecurvesof
thepartial~ssure,asdiscussedinconnectionwitheqpation(17).

GraphicalMethodforBurningRate

Becausetheassumptionismadethat~, ~, and ~ m eqti

tozeroatthe1570°K boundsxycondition,th&t~203,M70 is can-

staut,andthattheinnerbomdaryiSdefinedbyanequilibrimn,the
quanti~obtainedinequation(l@ isdeterminedbythepartialpres-
sureafmqygenat1570°K. Theanalyticalsolutioniscarriedoutfor
a seriesofsuchaxygenvalues.Figure4 isa graph

valuesfm
~*-*)

frcmequation(16B).The.
a~ce se- coin~~~o

~ integrated

s=ght-line
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I!Ygures4, 5,
fortiderangesof
IUBWISsection).

and6 permita rapid$v@aticmof
anibient~ press~,@ ~~
U essence I .“:.-

NACA~ 3929

the burningrate
(seeexaqplein

.s&+-+z(&-$)

} +h(TC}= 8(P02,1570 ;

tiere P02,1570laobtairtedfrcunp02,@~ Tc byflp 5. @C) . .
represents the quantity plottedinfig@ 6;and ~(~,~70)thatin “
figure4.

.

.

—
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APPENDlxc

.

REOUCTIONOFGENERALlQUA~ONSK) SIMPIJ3’IEDE@IA!l!IQNS

Thecalculationsdevelopedinthe GENERALEC@EKE?Ssection andap-
pltedto-bon aaanexampleandtoboroninappendixB requirenoas-
suqptlonsaboutanyintqrnalboundarycandltionsoftheflamezone.In-
deed,thestructureofthef- followsasa consequenceofthe
assumptionsmadeaboutequilibriwnanddiffusion.whencertainassulup-
tionsaremadeabouttheflamefront,intermsofthemodelsinfigure
1,thegen=alequationscanbesimplified.~ SillQ~iC&ti~iSboth
intheformofandthenuriberofequationsinvolved.Theresulting
simplified-equaticmsarethoseusedp-ously forhydrocarbons(refs.
1 and5}andformagnesium(ref.6). An infinitesimalflamefront
(boundaryB,fig.l(a)),wheretheconcentrationsoffuelandoxygenare
zero,Isusedforthehydrocarbcmsandborcm.A flamefrontoffinite
thickness(reglanBB’,fig.l(b))involvinga high-temperaturediffusiau
zoneisusedfor_sium. h bothcaaes,thefuelsurfaceisassmed
tobeatitsboilimgpoint;TA= ~.p..

—
H@rocarbonsandBoron

Thediffusioneq=tion(eq.(2b))foraQgen-y bewritten

’02 -%2dPq -%2wf
—— —

ZZZ”~*-411r2

becauseW02= -~2Wf~ titheaver-allprocess.

Theenerg equatim(eq.(7))maybewrittenintheform

(2b~

OXYLPI~d Prtict termsmaybewrittensoastowow foruss~-
ationinordertomintainrealistictemperatures;themostpractical
assumptions(ref.5)areatomichcmogenei~(aeons-t =tioamongthe
stunspeciesregardlessoftheirchenrkalarrangement)andchemical
equilibriumamongthemolecularspecies.nom thecQapositicul-
temperatureinfo-tian,estimatesoftheenthal~-temperaturefunction
canbeobtained.VariationsintheenthalpyfunctionW equation(7H)
producevariations in ~ fkm equation(4~),butsucherrorstendto
canceloutinthegraphicalinte~ationofequatlcm(41H],wherethe
sameenthal~functiona~s ●
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Nowtftheconditionsthatp% = pf~ O-attheflame-frontbmda~ ,_.-

areapp~edtotheenergyeqwtion$somes“implificatdms occur.Forthe
ABregicminsidetheflamefront,thereisnonetflw W ofanyccmpo-
nentotherthanfuel.Thefuelisassumedtoproceeduntrackedandun-
reactedtotheflamefront;therefore,~ thefuelcon~butestothe
enthalpytern.TheenergyequationfortQeregionABinsidetheflame .frontbecmes

IntheregimBC
prtiuctsdiffuse

[
WfHfo+n02(~2-

! -.

outsidetheflamefront,)mrygendiffusesinward,and ,.

out;theenergyequation~y bewrittenas
..

-n#p,c]*- 4Y+%c +302)C)-@p -~)c)+IIO#02JC

(%1
i-

whereQ istheheatofccmibustionoftieml ~ticle atitsinitial
tcqperaturewithaxygenat TC togivep~oductsat TC. Theterns
noz(~z-%32,c)and ~(~ - ~,c) (dec~o~edin~ the~ ~ssoc=tlon
pr@uctswherenecessary)area correcti~tothe@antityatheattobe
conducted.b equaticms(37H)and(39H),~t~.qUaIltitYillbracketsis
theamountofheatthatmustbeconducted~througheachtemperaturere-
gicmin

In
and-me

%2

thesteadystate foreachmoleof:ftilconsumed.

theOU&r~ Zone,the~~ion equationfor~gen (eq*(~H))
energyequation(eq. (39H)) yield~ ‘

P02,B-O

I J 1

~=?
Q% = dT

%2=BC . Q+~(~z’-J@2,c)- np(Hp- Hp,c)
P02*c Tc

(%J

ThequantityD ~T Isessentiallyindependentoftempe=ture.With02
the enthalpyfunctionlmown,therightsideofequation(4@ canbe
evaluatedgraphicallytodetermineTB.

9

.

.

.
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Theenergyequations(eqs.(37H)and(39E))canbeinte~tedin
theirrespectivezanastoyield

By usingthevalueof TB obtatnedfmm eqpatlon(40H),thetwo
integrals on the rightsideofequation(~H)~ beintegratedgraph-
ically.Valuesof x mustbeestimatedbecausethecompositionlsnot
dete~jl,RtiABZ~ x~ isappropriatelytaken~ thatofthe
Wlj intheBCz- x~ istakenasthatoftheinertpresentinthe
aaibientatmosphere.ErrorsmadeIntheestimationof n Intheenthalpy
functictuandintheselectlmacd x fcmtheevaluationof ~ inequa-
tion(40H)tendto canceloutwhen W+ istiuatedbyeqpation(4~.

As l/~ “ 0, eqmtion(*) yieldstheburningrate w.f/4m& The
onlyinformationeasilydeducedaboutstructurefrm thiscalculationis
thevalueof~,whlchcanbedeterntinedfrcmWf andthevalueof
eitherd thetuointegrati.

Theform(:+:)/:

Valuesforthe
areincludedinthe

(42~

arisesas l/rc~

burningrateofa
RESULIIBsection.

integrals~ and~ fruafigures8&d 9-andTB fixmf&uelOti

o.

ty@- hydrocarbon(tS~~)
@!hw were obtainedbyuseofthe

r~erence5.) Thevaluesof theIntegralsin reference5 sxecmmrted
totheunitsusedin thisreport,(molesoffuel]/(cm](sac],whenmultl-
pliedby0.1304(g/lb)(cm/ft)-l(g/mole)-l.

Magnesium

ELgh-temperature dlssoctationdataarenotavailablefm magnesium
oxide.Ihrther,thereissomeevidencethattheadde dissociatescom-
pletelywon vaporlzatim(thisimpliesthattheheatd vaporizationts
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equalto theheatofreactionatthebo~lingpoint).Therefore,for
=gnesium,theflamefrantofinfinltes~lthicknesswasreplaced(ref.- “-
6)bya high-temperaturezoneofdiffus~onandreactionattheboiling
pointofthetide (regionBB’,fig.l(a)).

The.energyequtiqmmy bewritten: .. —

Wfqo - w&

“+0-%3+
Associationisconsidered

---wo#02 , =._4dng

I (7~)

%2%2 - ‘%d%] “.

onlyinthereaction

IntheAB regioninsidethereacticmzme,

—

- 4m% g
I

zone. .

thereisnonetflc?wof
anyCcmlponentexceptfuel.Productsarqpz%srmedtopassoutward(de- . .
spiteminoroxi& depositsontheribb~inthe~erimentalcase).The

..—

energyequationintheABzonebecomesi ~

(37Mgl

k the regionB‘C outsidethereactlmz)me~.oxygendiffusesInward,and
MgOfloatsout. Theenergyequaticmmaybewritten,analogouslytothat
forthehydrocarboncase,as -—

.

Becauseofthecmdmsedproduct,t@ diffusion‘equaticm
reducestotheequatimforthedlffusiopof~gen througha
filmctthe@lent inertgas(formofeQ.(D6),appendixD):

(39Mg)

.-

forO%ygen
stagnant

(43jfg)
—

.

.
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Thediffusionequationsfa oxygenandtheenergyequationforthe
outerB‘Czone,canbtnedandintegrated,yield

%2 r02,B‘‘7Pdpo2

I

%=’%.p.
dT

%$’%’ c ~=
[
Q+w2(%2-%2,c)-np@p-~,c)

m~,c Tc 1

. (*I

h thiscase, the graphicalintegrationyieldsthe~ial pressureof
~g~ attheB‘boundaryratherthanthet tured theflamefrent,
asinthehydrocarbon“case(eq.(40E)). ~=c isagainassumedto
beindependentoftemperature.

tithehigh-temperaturediffusionzone(BB’) ccxibtningthecon-

withtheenergyequation(7~} yields

.

EIthe
(w@ko - %@) + 2~02%@ -

BB’regkmofhigh-temperature

=0

= Wf I
)%.-9%)2 “

diffusion,the

Gig)

iS ZCU’Oj

andShdlarly

wfnB-2(=+ 1]W02

Here Q3200 Indicates the heat of Caibustionof~gnesiumat To to” .

formcondensedM@ at3200°K. ThefactorX’W 2.0 doesnotappearh
reference6. It~ bereggmledastheratiooftheamountsofMgOcon-

. daMedattheouterandinnerboundariesaftheH6’zone.
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Inthehigh-temperatureregion,thediffusionequationsforoxygen
andmagnesiumareintheformofeqyatitis(2a).Bothdlffueionequa-
tionsandboth formsof eqution(4%) mzibl.netoyield

~Uatt~ (47j@)iStitegratidiaer theti~ c-ti~ ~ = ~2,B’
at r = ~r and po2= O at r = ~, ‘h Werence6,thefactor
(2d?+ 2)/(2#’- 1)e2.0 doesnotapp&rintheIntegratedtom atthe .
diffusionequation;ratherthefactorId l/~ = 2C me ~~~~
of # frmnthegenetiequations,Ineiieadoftheuseofequation(43Mg}
forthediffusion& oxygenh thehlgh=teqperaturezone,doesresultIn
somemodificationinthedependenceat~ burningrateuponambient
-al Pressued oxygen;theorlgina:formulation,whichnowmustbe
regardedassmrkmplrical,fitsthe~ talresultssomewhatmore
satisfactorily. ---

IHnally,theburnl.ngrateisobtai~d.by-addingtieintegratedforms
orequations(37W),(3@, and(47*).AS l/rC~ 0,

+’

Eachtermofequation(48J@]ispositivbWiththelogEmithmlctermaCmll-
natlng,particularlyinoxygen-richatmospheres.Equation(44W)shows

●
a 8~~ ~~-ce of p02,B1 Um P(32,CS@e mibientpm-tlalpres-

sure& ~mnj thisshowsW inturn& eqiu%tion(4%) asa strongde-
~hCe Of Wf W p(32,Bl.Thists~Consistentwiththeqrlmecltal
evidenceforambientatmospherescoverl~!3rsmgeoiI-5to100percent
02(ref.6).

4-

.-

8-

~-

.,

—

.-r

.-

.-.”-

.
-.
-.

.

.—

●

.

1’ —-
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AERENDIXD

llERIVmONOFAPERCMIMM!EDIFIUSICREQUNEIQNSFQR

Generalequations
sentedinreference10
@?adients,andthemal
reference10beccnne:

MuLTIccwcmm?MlxTum3

fordifYusicminmulticcmponentmixturesarepre-
(pp.516-520). Ifexternalforcefl,pressure
diffusicmareneglected,eq=tions(8.1-3)of

where%mdn~ areconcentrations

1=1, z,. ... l-l (Dl)

ofspeciesi and J - mole-
culesperctibi.cce@imeter;_nisthetotalnumberofmoleculesper
cubiccentimeter;VJ“and V~ arediffusicmvelocities,incentimeters

g
persectijDiJ iStheb- diffusioncoefYiclent;and r Isdis-
=e incentimeters.Ina v cauponentnddrture,cdy V - 1 tithese
equatiansareindependent.

Thediffusionvelocityvi cm YJ isrelatedtothefluxofmole-
culesGi or Gj (moles/(sqcm)(see))+~ a unitareanormaltothe
directionafdiffusion.AssumethegasesobeytheIdealgaslaw;then

whereXJ= nJ/n Isthemolefractionofccm@onentj. .AShli~ equ-
tionrelates7~ and ~.

Equaticms(Dl)bec~

whereBij“ DI~P/k2e If,asen
. binarydiffusioncodficientsaf

i=l,2, . . ..l-l (D2}

approximation,itisassumedthatthe

c~t i ~to-of~e-

.
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cqponentsofthemixtureareequal,th@ ~
.1 ‘%z=”””=%j=

.9. = Piv = $i, and .._

or

$=1 :.

*
o
8

=Ci ;i-1,2, . . .. l-l (I@i ..—
whereG v istheflowofthecmponentforwhichnoequatiauhasbeen
written.

Itisconvenienttosolvetheseeq$ld.ons(bymeansofa.etermlnants)
for Gi asafunctionof~the x-j@d- Cj:

Theseeq@Scms are strictlyvalidcmly~ln
siancoefficientsbetweenallthe@rs ‘of
inbinarymixtures.

tml,2, . . .. l-l

(D4)

mixtureswhere b- di.ffu-
speciesareequal,thatis,.

. .-
b- .-.—.—

--

—

-.

*

.

-.
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Whenthereis an inertgas~resentb the~ystem,iti~stagnant
flowiEIzero).Inproblemsconcerningtheburningofllquidor

solidfuelsinti, nitfigenIssucha dil=t, prti~ fo--tion&
nit-en atansandNOmoleculesisneglected.tithiseventitiscon-
venienttoselectGV= %2 = O. (Thisisnotconvenientiftheaznount

(m)

Ina blna?.ymixture,~2 = P -pi,andequation(D5)becmnes

whichis the fsadMar
* mt fi~.at’a secado

(I%}

equationfordiffusionofonegasthrougha stag-
gas(ref.u).

$. FlnaUy,whentheconcentrationsofdiffusinggasesareamllrela-
y tlvetotheamountofinertgas,thesecondtam maybeneglected
5 (m/P,+0)●

Inthiseventthesimplestfozm@’diffusioneqyati.a
occurs:

(D7)

whichIsthesamefozmastheequationforequlmolarcounterdiffusion
ina binarymixture.
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APPENDrxE

ESTIMAZIONOF~ FQRCARBONANDBORONCQMBUWZON

ThequantitiesQ aredefinedby __ —

where~ is
mitiure,W

(El)

thediffusioncoefficientforcampcmenti intothegas
x isthethe-l conductiviw.Forthecanbustlcmof

carbon~ borcminairthep~t~s !?f~g *9.!@xtWe~l~ive 0?..
componenti areapprated bythoseofnitrogen.I?Yomthe~es-
sionsfordiffusioncoefficientandthermalconductivitypresentedin
reference10,

%-Na ~ ~
J2,2)*

6i=~= ●

N2
=Q&” (:,f++’ “2’

2 ‘—

()

ai
Pl+— a~2

* IQ(W)*Q(V):
‘hen ‘i-N2“ i-N2 i-N2

/

(%2)* 42;;)*- -tf.o ‘N2 - isfurtherapproximatedasequalto

Udty. The~=~~ ~-N2 iscloseb lC1.f~a Lennard-Jones(6-12)

interactionpotentialbetweenmolecules(ref%10).Theheatca~cityaf
nitrogenhasbeentakenat2~0 K (ref.7) (areasonablemeantempera-
ture).Withtheseapproxtmtions

(E3)

Et ordertoestbate61 values,themoleculardiametersfarthe

.—
.

—
.-

~.
$

.

.
—

.

.

.

.
atwneandmoleculesinvolved-mustbeobtdned.
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Forcarbonccmibustia,u
refer-e 10. For atomic

45

valuesforN2,02,CO,andC02weretaken
oqgen, the diameterwasestimatedassrun-

ingthessmemeandensltyof-Werlntheatcn.uas
is,

{

31
aatcm= z “diatcmicmolecule= ‘*794

inthe molecule,that

amolecule (E4)

(This methodprobablyunderes~tesscmewhatthediametersofatams,
sincetheelectraudensityofanatanisusuallylowerthanthatofthe
correspmdlngdiatmicmolecule.) Diameterschosenandthecorrespond-
ing 5 valuesatatmos@erlcpressureareshowninthefollowingtable:

MoleculeDim&r, Diameter8atl
A ;b-=~d :~sgh

Hz 3.749

k

0.1192

%! 3.541.
● 10

.1220
co 3.708 ●1.205
C02 3.897 ●1037
0 zma~ at. (w) .1827

w borcmcombustion,~ters d N2,~} ~, BO,0,B,d B203
mustbeobtained.(Literaturevaluesad.stcmlyfornitrogenand
~gen.) ItmS f~d, h-ver, thata plotd thequotientofmolecu-
lar_ter (ref.10)andinternucleardtstance(ref.12)agaimtin-
ternucleardistancefar~ nuuiberofdiatanicmoleculesgavea smooth
correlatlan.Thisisshowninfigure7. l%cznthisccmrelatlonandthe
knowninternucleardistancesofN2,02,B2,andBO (ref.12)molecular
diametersforthedlatomtcmoleculeswereobtained.Atticdiameters
forB andO werethencalculatedfrm equtim (E4).Thediameterof
B203wasesttitedfromthedensitycdcrystallineB203,withthemole- ----
culesassumedtooccupy74percentofthecr@talVO1- (closestpac&

ofspheres). Resultsareshowninthefollowingtable:

MoleculeDiameter,Diameterobtainedfrom- 6 at1 atmos-
2 phere(eq.(E3))

Hz 3.70

h

0..1192
02 3.52 g.7endinternuclear .1212
B2 3.82 distancesofref.12 .1238
Bo 3.50

}

.1.273
0 2.80 Eq.(E4) .1812
B 3.04 .1925
B#33 4.50 ~ity d B203(C~~) = ●0812

1.805,andassumptionthat
74percentofvolumeis
occupied
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TABLEI. - COMPUTEDBuRmm RATESQFVARIOUSSUBSTANCES

[~t=, ~ K; alrat1atmosphere.]

Isooctanea
Magnesiuma
Boron
aCaseA
aCaseB
AualytLcal

Carbon
lhlmerical
Arla2rtical

Burning?-ate,Wf

0.86)(UY5 99xlo-5I10.5
3.97 97 5.7

1.31 14.2 1.98
1.79 19.4 2.70
1.27 13.7 1.92

1.05
I
12.7 I 1.02

1.10 13.2 1.07

‘%Ingpufiedcalculation.

Evaporation
constant,p‘,
sqmicrons

sec

1.U106
.444

.0492

.0673

.0477

.0505
● 053

.

TABLEII.-EFmc!?BQFAMBmNTTmmRAmm AND

AMBIENTPARTIALPRESSUREOFOXYGEN

mBURNINGRMCEoFBQRm

[pressure,1 atmosphere.j

Idfetimeof
l-micron
SCle,

tzJ
sec

O.9OX1O-6
2.25

20.3
14.8
21.0

19.8
18.9

Wtrper-Oxygencoll- Burningrate,
ature,Centration,
%

moles/(cm)(sac)
percent~d Simplifiedcalcula-

Calculationti~ (eq.(41H})

I I I t==
20.95 u.7xI0-613.1x1o-6

8CQ 20.95 13.2 13.1
MOO 20.95 14.5 13.0

15.oo 8.2 lL.2 3.CaseB

17.guo-6
19.1
20.4
12.1

.—
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